Abstract. Experimental work on four specimens of reinforced concrete slabcolumn connection sub-assemblages using reactive powder concrete (RPC) was conducted. The specimens were subjected to a combination of gravity and cyclic loading. The gravity loading was represented by a number of concrete cubes hung on the slab bottom surface and the cyclic lateral loading was applied on the upper end of the columns. The specimens consisted of two variables, i.e tensile flexural reinforcement ratio (0.65% and 1.8%) and slab span (2.0 m and 3.0 m). Shear reinforcement was not used in the slab. The displacement history consisted of three repeated cycles, starting from 0.07 to 5.00 percent drift ratio, covering the elastic and the inelastic response of the specimens. The RPC mixture proportion for the specimen's material was developed using local materials and normal concrete technology methods. The average RPC compression tests results were 136.0 MPa at 28 days and 141.0 MPa at the time of the first specimen, tested at 56 days. The tests results showed that up to 5.0 percent drift all specimens had stable hysteresis loops without any significant degradation of strength and stiffness. The specimen with a larger tensile flexural reinforcement ratio developed more strength, stiffness and energy dissipation.
Introduction
Flat slab reinforced concrete structures are recognized as more economical compared to the normal structures which use beams and slabs in view of reducing the height of inter-story floors. However, in the case of open-frame structures under a combination of gravity and cyclic loading during seismic excitation, a large shear force will develop on the slab at the column face leading to progressive punching shear failure under a brittle mechanism. Therefore, for seismic-prone areas, ductile flat slab structures should be combined with shear walls forming a dual structural system, where shear walls should be able to resist a maximum of 75.0 percent of the seismic load.
Several alternative solutions are available to enhance the slab's shear strength. One solution is to increase the thickness of the slab or to develop a slab capital at the column perimeter (drop panel). Drop panels improve the strength and stiffness of the flat slab, however, the ductility and the energy dissipation are relatively low [1] . Another option is to use shear reinforcement or shear studs surrounding the column. Gunadi, et al. [2] have successfully developed a new design of shear studs for seismic resistant flat slabs showing good hysteretic behavior under cyclic loading. However, the detailing of the shear studs is uneconomical.
Another alternative to enhance the slab's shear strength is to improve the concrete strength and/or a combination of the previous options. Previous investigations [3] have shown that the use of high-strength concrete slab improves shear strength and ultimate displacement, leading to more ductile flatslab structures.
To improve the seismic resistance performance of flat-slab structures, steel fibers are added in a high-strength concrete mix. Steel fibers have been proven to enhance the shear strength, stiffness, ductility and energy dissipation of the structure as well as decreasing crack width [4] .
In this investigation, ultra-high strength concrete was developed using reactive powder concrete (RPC) for experimental work on slab-column joint subassemblages under cyclic loading [5] . The concrete mix of RPC comprised of local materials and simple concrete mix technology was used with neither steam curing nor pre-setting pressure. The parameters of the experimental work were tensile reinforcing bar length and span length. Several researches using normal concrete [6] [7] have shown that reinforcing the tensile bar ratio influences the shear capacity of the slab-column joint significantly. The span-length parameters were used to observe the hysteretic behavior on the structure either under flexural or shear dominated action.
Experimental Set-up

Materials
For the RPC mix, portland cement ASTM C150 [8] Type II consisting of C 3 A at approximately 6.0 percent was used. Aggregate materials were quartz sand and quartz powder with particle sizes of 600.0 and 50.0 micrometers, respectively. To improve the paste mechanical properties, silica fume was added in the RPC mix to comply with the ASTM C 1240 [9] standard. To improve the workability of the mix, poly-carboxylate-based super-plasticizer was used in accordance with type F of the ASTM C 494-92 [10] standard. Some polypropylene fibers with a length of 12.0 mm and a diameter of 0.2 mm were added to the mix to avoid initial cracks due to shrinkage of the RPC mix. All RPC materials were mixed using local materials. The ratios of each material to the total weight of the mix are presented in Table 1 . The RPC was mixed at once in the same batch in order to obtain the same compressive and tensile strength properties for the mix as well as the specimens of the slab-column joints. Normal and simple concrete technology was used for curing. The curing of the concrete specimens was conducted using a water puddle on the concrete surface. There was no pre-setting pressure or steam curing on the specimens. The treatment used for the concrete cylinders was the same as for the specimens. The average cylinder compression test results for diameters of 100.0 mm and 200.0 mm were 136.0 MPa after 28 days and 141.0 MPa on the day of the test (56 days).
Test Specimens
Tests were conducted on 4 specimens of slab-column joint sub-assemblages at half scale. The parameters were the tensile reinforcing bar ratio () and the span length of the slab. The dimensions and the details of the reinforcing bars were as shown in Figure 1 and the material properties of the slab of specimens were as shown in Table 2 . For each specimen, both ends of the slab were supported by rollers while the bottom of the column rested on a pin.
The ratio between the top and bottom of the reinforcing bar was equal to 0.7. No shear reinforcement was used. Therefore the shear force due to gravity and cyclic load was resisted by the concrete and the dowel action of the longitudinal reinforcement. The specimens were provided with reinforcing bars of 8.0 and 13.0 mm diameter, as shown in Figures 2 and 3 . The parameters for the span length consisted of a long slab span of 3.0 x 1.5 x 0.12 m and a short slab span of 2.0 x 1.0 x 0.12 m representing flexural and shear dominated action, respectively. The width of the slab was considered as the effective column width of the slab.
The column dimensions for all specimens were 300.0 x 300.0 mm (see Fig. 1 ). The reinforcing bar for the column was 12 bar @ 16 mm diameter with a yield strength of 542.0 MPa and the shear reinforcement bar was 6.0 mm diameter @ 50 mm spacing with a yield strength of 355 MPa. The column was designed using the strong column-weak beam concept to comply with the ACI 318 [11] standard. For lifting purposes, a beam was cast monolithically at each end of the slab (see Figure 1 ). 
Test Set-up and Instrumentation
During the test, the slab was positioned horizontally and the column was set up vertically. Lateral cyclic loading was provided using an actuator positioned horizontally at the end of the column. The bottom of the column rested on a pin while it had a free end at the upper part, as shown in Figure 1 . The slab was simply supported using a roller and a pin located at the ends of the slab.
Several strain gauges were mounted at the top and bottom reinforcing bars within a distance of 0.5 d from the column face, where d is the effective height of the slab. At the top of the column, a displacement transducer (LVDT) was mounted coincident with the lateral force center line of the actuator to measure the lateral cyclic displacement of the column. Lateral LVDT's were also set up at both supports of the slab to assure that the supports were laterally practically motionless. The roller and the pin of the slab's supports were held down on the steel frames, which were designed to have negligible vertical movement.
Loading Set-up
The loading of the specimen consisted of a combination of gravity (as permanent load) and cyclic lateral loadings. Gravity load was 8.45 kN/m 2 using suspended concrete blocks of 200 x 300 x 300 mm 3 equally distributed at the bottom of the slab as shown in Figure 4 . The positions of the concrete blocks are shown in Figure 2 . The individual weight of each concrete block was in the range of 400.0 to 440.0 kN. To simulate the gravity load, gravity loading was applied prior to the seismic loading. All concrete blocks were then hung on slabs as balance cantilevers before the roller and pin were set up. Consequently, the slabs underwent initial vertical deflection due to the gravity loading only prior to cyclic loading. Lateral cyclic loading was applied to the specimens incrementally, complying with the ACI 374 [12] standard using incremental displacement control measured at the upper end of the column. In each stage of displacement control, three repeated cycles were used to observe the strength and the stiffness degradation. The lateral cyclic load was terminated until either the specimen collapsed or the maximum capacity of the actuator was reached at a drift of around 5.0 percent. The cyclic loading sequence is shown in Figure 5 . 
Test Results and Discussions
Crack Patterns
When the gravity loading was fully applied prior to the lateral loading, it was found that no cracks had developed in any of the specimens. Cracks in all specimens occurred when the displacement drift ratio was 0.15 percent. At this stage, the cracks were distributed from the column face to the near end of the slabs. The crack patterns at this stage cut the slab vertically, showing that flexural cracks dominated both for long and short spans. For the following drift, more cracks developed on the column face with a pattern of flexural shear cracks.
At a 5.0 percent drift ratio, the test was terminated because the maximum capacity of the actuator was reached. Figures 6 and 7 show the crack patterns at the final drift of 5.0 percent. It can be seen that that the cracks at a larger reinforcement ratio ( = 1.8% for L3R18 and L2R18) were spread more widely compared to a smaller rebar ratio ( = 0.65% for L3R065 and L2R065). The spread of the crack patterns was relatively similar for the same reinforcement ratio for both the long and the short span (L3R18 compared to L2R18 and L3R065 compared to L2R065). The ratio of the tensile reinforcing bar influenced the characteristics of the crack patterns rather than the difference in slab span. Figure 8 shows the hysteretic behavior results for all specimens. The cyclic displacement, presented in terms of drift ratio, is defined as the ratio between the top lateral displacement of the column and the total column's height. Figure 8 shows that the hysteretic loops are stable until a 5-percent drift ratio without any significant degradation for either stiffness or strength. There was no shear and/or punching shear failure at the 5-percent drift ratio. As no shear reinforcement was present, the shear force had to be carried by the high shear strength of the RPC together with the dowel action provided by the flexural reinforcement. The combination of these actions is capable of preventing shear and/or punching shear failures until a drift ratio of 5 percent, which is 3.5 percent higher than required by ACI 374 [12] . The maximum lateral force of each specimen is presented in Table 3 . After cracking of the RPC, as mentioned earlier, the shear force was resisted by the RPC with dowel action only and without aggregate interlock. The contribution of aggregate interlock was insignificant because the maximum diameter of the RPC aggregate was around 0.6 mm. 
Load-drift Relationship
Strain of Flexural Reinforcement
The strain gauge readings on the left hand side (LHS) of the slab showed that the flexural reinforcement next to the column face commenced yielding at drifts of 0.45, 1.50, 0.67 and 1.5 percent each for the specimens L3R065, L3R18, L2R065 and L2R18, respectively. The relationship between the drift and the strain gauge readings at the top flexural reinforcing bar next to the column face is shown in Figure 9 . When the actuator reached its maximum capacity of 5.0 percent, the test was terminated; therefore it was difficult to determine the ultimate capacity and the ductility of the specimens. The first yield of the reinforcement with a smaller flexural reinforcement ratio occurred at an earlier stage. The reason for this phenomenon is the very high strength of RPC, which in turn develops a shorter neutral axis height leading to a larger curvature. Therefore, the smaller flexural reinforcement ratio, the larger the flexural strain at the first yielding at a small drift ratio. Meanwhile, the influence of the span length is insignificant to the strain at the first yielding.
Energy Dissipation
The input of the hysteretic energy, absorbed by the specimen, is the energy dissipation, which was calculated as the cumulative areas of the curves of the relationship between load and deformation of each cyclic loading cycle. The energy dissipation of the specimens L3R065, L3R18, L2R065 and L2R18 at drift ratio of 5% was 9.76, 10.29, 8.25 and 10.42 kNm, respectively. The reinforcement ratio has a significant influence on energy dissipation. The energy dissipation increases as the reinforcement ratio increases. To satisfy that the structures have sufficient damping during seismic excitation, ACI 374 [12] requires the energy dissipation ratio () of the third cycle, at a 3.5% drift ratio, to be at least 1/8. The definition of is as shown in Figure 10 . Figure 10 shows the ratio between the actual energy dissipation of the structure represented by the area of the hysteretic loop and the area of the ideal energy dissipation represented by the area of the pararellogram A-B-C-D-F-G-A. Table 4 shows the ratio of all specimens at the third cycle at a 3.5% drift ratio. The results reveal that all specimens had sufficient damping to withstand a major earthquake. Under a lower ratio of tensile reinforcement the specimens had a larger damping ratio. 
Conclusion and Future Research
Testing of four specimens of slab-column joints made of RPC was conducted experimentally under a combination of gravity and cyclic loading. The following conclusions can be drawn from the test results.
The ultra-compression strength of RPC is capable of improving the shear strength of the slab. All specimens withstood a 5% inelastic drift ratio under stable conditions without any punching shear failures. When the ratio of the top reinforcing bar was increased, the energy dissipation increased but the development of yielding of the top reinforcement was delayed.
Longer slabs resulted in larger energy dissipation but the first yielding commenced earlier at the top reinforcement. The influence of the ratio of the top reinforcement was more significant compared to the span length in terms of the energy dissipation ratio.
All specimens satisfied the energy dissipation ratio requirements from the ACI 374 standard [12] . Therefore, the damping of all specimens was sufficient to withstand a credible seismic load.
As for future research, it is important to investigate some additional parameters, such as the influence of slab thickness. Also important is the development of a non-linear finite element model to find the stress distribution of the specimens under cyclic loading. Enlarging the slab thickness will improve the stiffness of the slab significantly. It is important to find the optimum ratio between thickness and clear span under cyclic loading. The use of a non-linear finite element model enables prediction of the stress distribution of the specimens, particularly the hysteretic stress behavior of the plastic hinges.
